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lead  telluriae  type  semiconductors  are  used  in  the  fabrication  of  thermoelectric  modules 
currently  employed  in  a  number  of  U.S.  military  applications.  This  report  covers  a 
programme  of  research  undertaken  in  the  Department  of  Physics,  Electronics  and  Electrical 
Engineering  at  UWIST,  Cardiff,  during  the  period  1  October  1986  to  30  September  1987  to 
produce  materials  based  upon  coirzBerc±a±±7~ available  lead- teTIufTde- type  material 
(specifically  identified  as  3P)  with  improved  figures  of  merit  and  herce  greater  thermo¬ 
electric  conversion  efficiency. 


One  .way  of  improving  the  figure  of  merit  is  by  reducing  the  lattice  thermal  conductivity 
or  the  material.  This  can  be  achieved  by  employing  very  small  grain  sice  material  in  order 
Co  increase  phonon-grain  boundary  scattering.  A  realistic  model  has  been  developed  for 
PbSnle  and  used  to  investigate  the  dependence  of  the  lattice  thermal  conductivity  on  grain 
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level  of  doping.  In  extending  the  analysis  to  3P  material  it  is  assumed  t 
ence  of  small  amounts  of  Mn  (3.1551)  and  Na  (.0.175%)  does  not  signif leant  i\ 
he  disorder  parameter  appropriate  to  PbSnTe  and  consequently  the  reduction 
thermal  conductivity  due  to  phonon-grain  boundary  scattering.  In  optimal]-. 

(10-  "*-10-  3m-:))  with  a  grain  size  of  around  0.5  um,  the  reduction  in  iatt 
conductivity  compared  to  equivalent  single  crystal  material  was  estimated  : 

percent . 


in  the 


The  behaviour  of  the  electrical  properties  of  compacted  material  is  verv  relevant  in 
attempt  to  improve  the  thermoelectric  figure  of  merit.  As-compacted  materials  exhib: 


ical  and  mechanical  properties  which  are  inferior  to  sing] 


zour.terparts  . 


Annealing  compacted  samples  at  700°C  for  over  2  hours  under  pure  Argon  at  an  overpressurs 
of  -o  p.s.i.  resulted  in  power  factors  approaching  single  crystal  values. 


Thermal  diffusivity  measurements  on  small  gain  size  compacted  3P  material  indicate  that 
the  reduction  in  lattice  thermal  conductivity  is  more  than  double  that  predicted  bv  the 
theoretical  model  and  is  comparable  to  the  reduction  reported  for  silicon  germanium  allovs. 

The  measured  electric  power  factor  values  do  not  appear  to  decrease  with  a  reduction  in 
Jgrain  size.  Consequently,  the  thermoelectric  figure  of  merit  of  small  grain  size  3P 
’compacts  (  5  um)  is  about  30  percent  greater  than  for  coarse  grain  materials  (25  -  60  um) . 

A  reduction  in  lattice  thermal  conductivity  of  this  magnitude  was  unexpected  and  the  ^  - 

Results,  if  substantiated,  would  constitute  a  very  significant  improvement  in  the  thermo¬ 
electric  properties  of  materials  based  upon  lead  telluride.  Independent  measurements 
t>r  the  thermoelectric  transport  properties  of  iarge  grain  size  compacted  material  are  in 
good  agreement  with  LTCIST  data.  The  discrepancy  between  the  predicted  reduction  in 
jthe  lattice  thermal  conductivity  with  decrease  in  grain  size  and  the  measured  reduction 
may  be  due  to  shortcomings  in  the  theoretical  model  for  the  3?  alloy,  with  some  inappropriate 
_assumptions  being  made  during  its  formulation. 

There  is  no  evidence  at  present  to  suggest  that  the  measurements  on  the  small  grain  size 
material  are  unreliable;  consequently,  it  is  concluded  that  the  thermoelectric  figure  of 
mer-:  r  .->*  7?  asf^rhi!  can  be  suvstar.tiai  ’  ‘unr 


v  improved  ov  emoiovmg  sc.a. 


grain  size  compact 


material. 


ABSTRACT 


Lead  telluride  type  semiconductors  are  used  in  the  fabrication  o: 
thermoelectric  modules  currently  employed  in  a  number  cr  US  military 
applications.  This  report  covers  a  programme  of  research  undertaken  in  the 
Department  of  Physics,  Electronics  and  Electrical  Engineering  at  l", VIST, 
Cardiff,  during  the  period  1  October  1966  to  30  September  196?  to  produce 
materials  based  upon  commercially  available  lead  telluride  type  material 
(specifically  identified  as  3 P )  with  improved  figures  of  merit  and  her.ce 
greater  thermoelectric  conversion  efficiency. 

Or.e  way  of  improving  the  figure  of  merit  is  by  reducing  the  lattice- 
thermal  conductivity  ot  the  material.  This  can  be  achieved  by  employir. 
very  small  grain  size  material  in  order  to  increase  phonen-grain  boundar 
scattering.  A  realistic  model  has  been  developed  for  PbSnTe  ar.d  used  to 
investigate  the  dependence  of  the  lattice  thermal  conductivity  on  grain 
size  and  level  of  doping.  -  In  extending  the  analysis  to  3P  material  it  is 
assumed  that  the  presence  of  small  amounts  of  Kn  {3.4556)  and  Na  (0.475:) 
does  not  significantly  change  the  disorder  parameter  appropriate  to  PbSnTe 
and  consequently  the  reduction  in  the  lattice  thermal  conductivity  due  to 
phonon-grain  boundary  scattering.  In  optimally  doped  material 
( 10*’ ''-lO2  5m"3 )  with  a  grain  size  of  around  0.5  ^m,  the  reduction  ir. 
lattice  thermal  conductivity  compared  to  equivalent  single  crystal 
material  was  estimated  to  be  about  12  percent. 

The  behaviour  of  the  electrical  properties  of  compacted  material  is 
very  relevant  in  any  attempt  to  improve  the  thermoelectric  figure  cr 
merit.  As-compacted  materials  exhibit  electrical  and  mechanical 
properties  which  are  inferior  to  single  crystal  counterparts .  Annealing 
compacted  samples  at  700°C  for  over  2  hours  under  pure  Argon  at  an 
overpressure  of  45  p.s.i.  resulted  in  power  factors  approaching  single 
crystal  values. 

Thermal  diffusivity  measurements  on  small  gain  size  compacted  3P 
material  indicate  that  the  reduction  in  lattice  thermal  conductivity  is 
mere  than  double  that  predicted  by  the  theoretical  model  and  is  comparable 
to  the  reduction  reported  for  silicon  germanium  alloys.  The  measured 
electric  power  factor  values  do  not  appear  to  decrease  with  a  reduction  in 
grain  size.  Consequently,  the  thermoelectric  figure  of  merit  of  small 
grain  size  !3P  compacts  {<  5  im)  is  about  30  percent  greater  than  for 
coarse  grained  materials  (25  -  60  jun). 

A  reduction  in  lattice  thermal  conductivity  of  this  magnitude  was 
unexpected  and  the  results,  if  substantiated,  would  constitute  a  very 
significant  improvement  in  the  thermoelectric  properties  of  materials 
based  upon  lead  telluride.  Indep-  ndent  measurements  of  the  thermoelectric 
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transport  properties  of  large  grain  size  compacted  material  are  ir.  goo a 
agreement  with  UWIST  data.  The  discrepancy  between  the  predict----; 
reduction  in  the  lattice  thermal  conductivity  with  decrease  in  grain  err¬ 
and  the  measured  reduction  may  be  due  to  shortcomings  in  the  theoretical 
model  for  the  3P  alloy,  with  some  inappropriate  assumptions  beir.j  r  i.r 
during  its  formulation. 

There  is  no  evidence  at  present  to  suggest  that  the  measurements  cn  tne 
small  grain  size  material  are  unreliable;  consequently,  it  is  conclude u 
that  the  thermoelectric  figure  of  merit  of  3P  material  car.  b-- 
substantially  improved  by  employing  small  grain  size  compacted  material. 
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I.  I.IST  or  ITGIJKIS 

Figure  1.  Plot  of  Xr  ( sintered ) /Xr( single  crystal)  ter  a  highly  di^sru..-r..u 
alloy  of  lead  telluriae  as  a  function  of  grain  size  and  level 
of  doping. 

Figure  2.  Plots  of  the  thermoelectric  figure  of  merit  2  tor  a  highly 
disordered  alloy  of  lead  telluride  with  three  different  carrier 
concentrations  as  a  function  of  temperature. 

Figure  3.  Reduction  in  the  lattice  thermal  conductivity  of  PcTe-£:.l'e  at 
300  K  with  decrease  in  grain  size. 

Figure  4.  Dependence  of  density  of  PfcSnTe  compacts  with  pressing 

pressure . 

Figure  5.  Photomicrograph  of  10  hi  >  L  >  5  /ia  grain  size  compact-.-.: 

material . 

Figure  6.  The  percentage  loss  in  weight  cf  3P  material  as  a  lur.ctizr. 

overpressure  of  argon  gas. 

Table  1.  Thermoelectric  properties  of  PbSnTe  compacts. 

Figure  7.  Typical  computer  thermal  diffusivity  trace  tcgc-tr.e-r  w :  - : 
specimen  calculation. 

Figure  8.  Temperature  dependence  of  the  electrical  resistivity 

material  as  a  function  of  annealing  time. 

Figure  9.  Temperature  dependence  of  the  Seebeck  c :  i  'ie.-.t  -1 

material  as  a  function  of  annealing  time. 

Figure  1C.  Electrical  resistivity  as  a  function  cf  annealing  t...  :  >.r  . 

Figure  11.  Seebeck  coefficient  as  a  function  cf  annealing  te: p-.r at -re . 

Table  2.  Measured  room  temperature  properties  c:  Cvmp a  it-.u  aP  tt-  r .  «1 
prepared  from  different  ranges  of  grain  size. 

Figure  12.  Temperature  dependence  of  the  electrical  resist i . it y  :  .  c  :  i; 
grain  size  pressed  3P  material. 

Figure  13.  Temperature  dependence  of  the  Seebeck  :r.  :•  r.t  :  r  .  i. 

grain  size  pressed  3P  material. 

Figure  14.  Temperature  dependence  of  the  thermal  ’  c.  "...  "t  . . . ' y  :  . 
grain  size  pressed  3P  material. 

Figure  15.  Temperature  dependence  of  the  figure  :  r.t  :  .  t.  • 

size  pressed  3P  material. 

Figure  16.  Lattice  thermal  conductivity  «r.  i  ;  .w.  :  :  >  •  . 
as  a  function  of  grain  size. 

Figure  17 .  Thermoelectric  figure  cf  men  ?  :  i  :  ■  < 

grain  size. 


II.  GENERAL  INTRODUCTION 

Under  a  previous  US  Army  Research  Contract1,  a  semiquar.t  it  ative 
theoretical  model  of  lead  telluride  was  developed  and  used  to  estimate  t:.-_ 
relative  reduction  in  lattice  thermal  conductivity,  compared  to  that  o: 
single  crystal,  which  accompanies  the  use  of  small  grain  size  material.  It 
was  predicted  that  in  a  material  with  a  mean  grain  size  cf-1  n.m,  the 
reduction  would  be  around  5  percent.  A  procedure  was  developed  tor 
comminuting  very  small  grain  size  material  and  a  number  or  high  density 
compacts  of  lead  telluride  was  successfully  prepared.  Measurements  or. 
small  grain  size  compacts  substantiated  the  predicted  reduction  ir.  thermal 
conductivity  with  decrease  in  grain  size. 

A  realistic  theoretical  model  developed  for  lead  telluride  gave  very 
good  agreement  between  the  theoretical  values  of  the  thermal  conductivity 
and  experimental  data  reported  in  the  literature.  The  thermoelectric 
figure  of  merit  optimises  at  carrier  concentrations  around  2  x  1C'1  n'J 
and  evidently  the  behaviour  of  the  electrical  transport  properties  and  ir. 
particular  that  of  the  power  factor  a2o  is  very  relevant  to  any  attempt  to 
improve  the  material's  performance.  The  results  of  a  limited  programme  of 
work  in  this  area  indicated  that  Seebeck  coefficients  very  close  to  single 
crystal  values  could  be  obtained  by  suitable  annealing  of  the  small  grain 
■size  compacted  material.  Electrical  resistivity  values  however,  remained 
significantly  higher  than  equivalent  single  crystal  values. 

Phonon  grain  boundary  scattering  is  enhanced  in  alloys  ana  the 
theoretical  model  was  extended  to  investigate  the  thermal  conductivity  or 
disordered  lead  telluride  type  materials.  PbSr.Te  was  identified  as  one  or 
the  alloys  which  held  out  the  best  potential  for  improvement  in  trie  : : 
of  merit  as  a  result  of  a  decrease  in  the  lattice  thermal  conductivity 
to  phonon-grain  boundary  scattering. 

The  success  or  the  investigation  into  lead  telluride  has  led  to  t:.e 
present  programme  of  research  where  the  principal  objectives  ire 
fell CW S ! 

III.  OBJECTIVES 

The  objectives  of  the  programme  of  research  described  in  the  report 
were 

1.  To  employ  a  theoretical  model  to  estimate  the  improvement  in  the 
thermoelectric  figure  of  merit  2  of  PbSnTe  which  acccm panics  > 
reduction  in  \L  due  to  phonon-grain  boundary  scattering. 


2.  To  prepare  high  density  compacts  of  PbSnTe  alloy  with  a  range  grain 
sizes  and  confirm  experimentally  the  predicted  reduction  in  with 
decrease  in  grain  size. 

3.  To  develop  suitable  annealing  procedures  to  re -establish  single  crystal 
electrical  properties  in  the  compacted  material. 

4.  To  measure  the  electrical  conductivity  ar.d  Seebeck  coefficient 
hence  obtain  the  thermoelectric  figure  of  merit. 

IV.  DEVELOPMENT  OF  A  THEORETICAL  MODEL 
1.  Introduction 

The  development  of  a  realistic  theoretical  model  :  or  alloys  bus-,  i  moor, 
lead  telluride  presented  considerable  difficulties.  The  model  must  give 
good  agreement  with  experimental  data  reported  in  the  literature.  This 
involved  obtaining  the  separate  electronic  ( x  j  and  lattice  (  •  •  i 
contributions  to  the  thermal  conductivity.  The  ncn-parutclic  nature  and 
multivalleyed  structure  of  the  energy  bands  together  with,  interval  ley 
scattering  were  included  in  the  model;  both  acoustic  and  optical  phonon 
scattering  were  considered.  Minority  carrier  er  foots  will  also  bo- 
significant  over  part  of  the  temperature  range  or  operation  c:  the 
material  and  should  be  taken  into  account. 

The  actual  (highly  disordered  lead  telluride  type)  material 
investigated  was  designated  3P,  obtained  from.  Global  Thermoelectrics  and 
consisted  of  PbSnTe  with  M.n  (3.45s*)  and  lia  (  0.475*)  added.  The  presence 
of  small  proportions  of  Mn  and  l.’a  introduced  problems  in  formulating  a 
model  as  no  information  is  available  on  the  change  in  band  structure  or 
effective  mass  value  which  accompanies  their  introduction  into  the  PhS.nl' e 
structure.  It  is  assumed  that  the  presence  of  small  amounts  cr  Mr.  ar.d  La 
will  not  significantly  change  the  alloy  disorder  parameter  r  ar.d 
consequently  the  reduction  in  the  lattice  thermal  conductivity  due  to 
grain  boundary  scattering.  Guided  by  these  considerations  ar.d  taking  the 
band  structure  of  PbSnTe  to  be  essentially  that  of  PbTe  with  the  presence 
:f  Sr.  serving  to  change  the  value  of  I,  the  reduction  in  lattice  thermal 
conductivity  of  PbSnTe  which  accompanies  a  decrease  in  grain  size  oar.  be 
calculated.  If  the  ratio  of  xL  (small  gruin)/xL  (single  crystal)  is  taken 
to  re  the  same  for  3P  Material  as  it  is  for  PbSnTe,  then  the  dependence 
or  xL  and  hence  the  figure  of  merit  with  grain  size  for  3P  material  car.  be 
estimated  from  a  knowledge  of  the  appropriate  single  crystal  data. 


2.  Disordered  Lead  Telluride 
2.1.  I ntroduction 

The  theoretical  model  developed  to  obtain  an  estimate  cr  t:.e 
reduction  in  the  lattice  thermal  conductivity  oi  lead  tel 

decrease  in  grain  size,  has  been  described  in  detail  in  a  pre.  i... 
report1.  This  model  was  extended  to  include  disordered  leau  t. 

(alloys)  and  an  estimate  has  been  obtained  of  the  dependence 
thermal  conductivity  and  thermoelectric  figure  ot  merit  cr.  gra.n 
level  of  doping  for  a  highly  disordered  alloy.  K'eli.  inary 

indicated  that  calculations  involving  relative  .manges 

thermoelectric  figure  of  merit  are  fairly  insensitive  to  t i.-.ri. 
refinements  in  the  theoretical  model.  A  two  band  mead  '..it:; 

multivalleyed  structure  was  considered,  acoustic  scattering  ; 

the  dominant  scattering  mechanism,  interval  ley  scattering  was 
ar.d  no  distinction  made  between  conductivity  effective  ;:.a_s  . 

density  of  states  effective  mass. 

In  order  to  appreciate  the  significance  cr  some  or  the 

included  in  this  report  it  should  be  noted  that  the  lattice 
conductivity,  , is  expressed  in  terms  of  three  parameters  A,  i 
which  relate  to  phonon  scattering  by  alloy  disorder,  tree  car ri 

grain  boundaries  respectively  ar.d  is  giver,  by 

r  , 

v  “  1  I  I  - 

5k, 


1  + 


L, (A,B,C) 


lT>:0 


L;(A, 


where  Ln(A,B,C)  - 


r X 1 tbXrC 


It  is  usual  to  express  C  in  terms  of  a  parameter  D,  w: 
inversely  proportional  to  the  grain  size  L  and  they  are  relates  Ly 
where  T  is  the  temperature.  A  =  0  corresponds  to  unalloyed  ::..»teri 
r.o  disorder  present,  B  =  0  corresponds  to  undoped  material  ar.d  C 
single  crystal  material.  In  general  x(A,b,C  =  0)  =  *siuale 
lattice  thermal  conductivity  of  a  doped  single  crystal  alley, 
x(A,B,C)  =  '‘sintered  represents  the  lattice  thermal  conduct  i  v  it 
compacted  (sintered)  alloy. 


O  <) 


2.2.  Reduction  in  the  lattice  therr.jl  conductivity 
Piets  of  the  ratio  xsintered/xsir.glc-  crystal  at  roc.:,  ten 
highly  disordered  alloys  of  lead  telluriae  (A=5)  is  displayed 
as  a  function  of  grain  sice  and  level  or  doping;  in  material 
grain  sice  of  about  l^rn  the  reduction  in  lattice  thermal 
compared  to  equivalent  single  crystal  ...aterial  is  in  the 
percent.  ; 


Figure  _ I  .  Plot  of 

xL( sintered) xL( single 
crystal )  ,  for  a  highly 

disordered”  alloy  of  lead 
telluride  of  grain  sice  and 
level  of  doping.  kQ 

=1.0.A=5.0;  curves 
1 , B=0 . 050 ;  2,B=0.010;  3, 

b-0 . 005 ;  4,  B=0 


Figure  2  Plots  of  the 

thermoelectric  figure  of  merit  Z 
for  a  highly  disordered  alloy  of 
lead  telluride  with  three  different 
carrier  concentrations  n,  as  a 
function  of  temperature :  A, 
r.  =  5xl02<m~3;  B,  n  =  102Sm~3; 

,  n  =  2xl02SnT3.  Curves:  - -xL 

erresponds  to  material  with  a  mean 
grain  sice  - 1  ;  —  -  -  -x^ 

corresponds  to  'single  crystal  or 
large  grain  sice  material 


2.3  Effect  of_ small  grain  size  on  the  thermoelectric  figure 
Preliminary  calculations  of  the  thermoelectric  figure  cr  :: 
unalloyed  lead  telluride  indicated  that  2  was  v,ptini_«. 
temperature  at  a  reduced  Fermi  Energy  (t)  of  -0.71;  which  cor 


;_rit  for  a  highly  disordered  alloy  of  lead  telluride  at  the 
carrier  concentrations  around  optimum  doping  is  shown  in  Ki  g..r< 


r.t 


l  t-3  ; 


l.  2  vm.  ■  t.  ■  arc  is  assumed  to  vary  inversely  vitr.  temperature, 

. aviation  of  carrier  concentration  n  with  temperature  is  cct.dr.ei  r.y 
relating  the  variation  of  Seebeck  coefficient  vitr.  rou-ced  i-....: 
potential2  to  the  temperature  dependence  of  the  Seebeck  ccef : ici-.-nt.  for 
various  carrier  concentrations. 3  In  Figure  2  a  comparison  is  drai..t 
between  "single  crystal"  and  small  grain  size  material.  It  is  evident 
that  the  thermoelectric  figure  or  merit  of  highly  disordered  lead 
telluride  type  material  with  a  mean  grain  size  of  -ifim  is  about  12  percent 
higher  than  equivalent  "single  crystal"  or  1 arge  grain  sice  material . 

3,  Alleys  based  upon  lead  telluride 
■;  i )  Introduction 

A  realistic  theoretical  model  for  lead  telluri  ;e,  which  induced  a 

m. ultivallied  structure,  interval  ley  and  ir.traval  ley  scattering,  r.cr. 
parabolic  energy  bands,  acoustic  phonc.n  and  optical  phonon  scattering;  mas 


t  e  e  r.  d  e  *  e  1  c  pe  d  d  r.o 

[  close  agree 

me  r.t  obtained 

L  ij  t  Vs’tu  u  r. 

t  r.  c-  c  ru  t  i  r  d  1  i  r.ci 

measured  transport 

properties. 

This  model 

was  th. 

o  r.  u  .■  ploy  o  ci  i  r. 

identifying  alloys 

based  upon  le. 

ad  telluride  w 

ith  the  f 

light- st  potential 

for  improvement  in 

their  figure 

of  .merit  as 

a  result 

of  phonon-grain 

boundary  scattering.  FbSnTe  is  particularly  : avourod  because  1  arc 
inferences  in  atomic  masses  of  the  constituent  atoms  g i  vo  rice  t 
s-cstar.tial  alloy  uisorder  scattering  and  this  material  was  investigate .. . 

;  ii )  Reduction  in  the  lattice  thermal  conductivity  or  Pcdr.Tc- 

The  results  of  calculating  the  ratio  xL(  sintered )/*-j  sin jle  cryst  >1 
as  a  function  of  grain  size  L,  conveniently  expressed  in  term.a  c:  a 
odramoter  D  v/hsrs  D  —  CT  d nd  T  is  the  absolute  tor.ptu.rdt  ter  I  brri\ 
is  displayed  ir.  Figure  3. 


I- 'ii'ii/v  3  X,  the  ratio 

Xr(  sintered)/xL( single  crystal), 
plotted  as  a  function  of  the 
parameter  D  and  grain  size  L  for 
PbTe-SnTe  at  300K.  Curve  I,  B^O 
(undoped);  curve  II,  B=0.01 
( optimally  doped ) . 


,  ‘  i-  ■> 


The  basic  characteristics  of  the  PfcTe  system  has  t«r.  in  t:.-.- 

calculation  and  the  effect  of  alloying  with  Sr.I'e  ,;r  Oele  is  ts  .  r 

disorder  which  can  effectively  scatter  t:.e  big:.  r.  ;y  ;  . . 

has  the  effect  of  enhancing  the  effectiveness  c:  .  n  .n-  ;r  j  i 

scattering.  Although  there  is  some  difficulty  in  ;•  u.inj  :  • . 

predictions  of  the  dependence  or  the  lattice  thermal  : .;tr.my  t:.. 

various  parameters  because  cf  a  lacs  or  eXper ; ; .eht  ;  :t  :  ...  ;  s, 

uncertainty  in  fixing  an  appropriate  .  .si-e  ::  i.  it  i_  .  . .  t. 

estimate  the  range  over  which  the  results  will  vary. 

It  is  concluded  that  m  u.ndcpeu  Px_r.le  (B-^j  with  a  ;  ■. jo  grain 
cf  C.  5^m  at  3CCK  the  percentage  reduction  in  lattice  thermal  cir.UuCt. .  1  tv- 
giver.  by  [1  -  sintered)/*!  (single  crystal ) ;  133  is  :  .  :  •  v.t .  ... 

optimally  doped  material  (assuming  carrier  concer.trafi  t.  m-  sir  i  l ..; r  t - 
that  cf  unalloyed  lead  telluride)  the  reduction  is  ll  .  A  :..rt:.  r 
reduction  in  mean  grain  size  to  0.25  u m  would  decrease  t':.e  late:  e  i:.-..r.  .h 
conductivity  cf  lead  tin  telluride  by  17  percent.  This  is  g  j  r>.  sen  in  ;  t.;.e 
limit  of  the  beneficial  effect  of  a  reduction  in  grain  si.:.:  :  n  rn  i. 

region  electron  grain  boundary  scattering  becomes  si  j.ni :  i e.t  1.  i 

to  an  undesirable  decrease  in  the  electri  -al  conductivity. 


-  l  c 


( i  ii  )  3P  Material 

The  material  available  for  :  .. .  .  ..  .. 

k  Thermoelectrics.  As  indicated  lr.  Section  IV. 1,  it  a -.  :  t:.  ;*  • .. 

presence  of  small  amounts  cf  Mr.  and  :.a  ;c  r..:t  si  :r.i :  i  "  «nt  ;v 
alloy  disorder  parameter  and  consequently  the  r "t r.  ...  •  .  • 

thermal  conductivity  due  to  grain  boundary  scatter!.-.  j . 

V.  PREPARATION  OF  PbSnTe  COKPACTS 

1.  Introduction 

The  theoretical  model  outlined  in  Section  IV  nrcvi.;-.-  ;  a  t  .  t.v. 

reduction  in  lattice  thermal  ccr.durti  vity  with  decrea..e  in  or  .tin  si  .:•• .  in-, 

’  object  of  the  programme  of  work  reported  in  this  se  :ti:r.  as  to  ir- 

high  density  compacts  of  PbSnTe  type  material  wit;,  a  range  ui:;  ;.r 

grain  sizes,  with  the  view  to  measuring  the  relevant  t rr.ee  1  ,-t ri  * 
transport  properties  and  confirming  the  predicted  reduction  in  1  att; 
thermal  conductivity  with  decrease  in  grain  size 

2.  Charge  Material  Preparation 

The  starting  material  used  in  this  investigation  was  3P,  supplied 
Global  Thermoelectrics* ,  either  in  the  term  cf  a  pulled  large  grain  size- 
ingot  or  coarse  powder  (stored  under  an  inert  gas).  T r.e  coarse  pewuer  was 
crushed  in  an  agate  mortar  and  pestle  before  furtr.cr  crushing  in  a  two 
call  vibromill,  assisted  by  wetting  in  methanol.  Th.e  powacr  was  then 

sieved  through  British  Standard  r.icrcsieves  using  methanol  as  a  vehicle 
and  assisted  by  ultrasonic  vibrations.  Sieved  fractions  with  size  ranges 
60  >  L  >  25,  25  >  L  >  10,  10  >  L  >  5  ar.d  L  <  5  cm  were  collected  tor  use 

as  charge  material. 

3.  Pressing  Procedure 

Disc  shaped  compacts  were  prepared  by  a  cold  pressure  forcing  t:..u, 

.  ,  1 

The  press  employed  was  based  on  the  cr.e  described  previously*.  .  z. 

in  order  to  preserve  precious  powder  and  to  minimise  any  ;.  i. ; 
operations  subsequent  to  powder  compaction  the  die  ana  plunger  w..  r. 
miniaturised.  Compactions  of  discs  6.5  rum  in  diameter  were  com:  it  lb  1.  ;  r 

thermal  diffusivity  determinations  using  available  ' : 1  ash '  apparatus 

*  3P  composition: 

Fb  19.697%,  Te  49.491?,  Sn  26.680:,  Mr.  3.4  56  ;,  Ka  O.-Vv 
Supplied  by  Global  Thermoelectric  Power  Systems  Ltd. ,  1  C  box 
Bassano,  Alberta,  Canada. 


Charge  powder  was  first  heated  in  a  hydrogen  atmosphere  at  3suCc  and  a 
pressure  of  about  35  p.s.i.  for  approximately  30  minutes.  An  appropriate- 
quantity  of  powder  was  introduced  into  the  die  to  produce  on  compact i or.  a 
6.5  mm  diameter  disc  between  1  mm  and  2  mm  thick.  Density  determinations 
were  made  using  Archemede's  method.  Single  crystal  density  is  7.11  gr 
cm  and  the  density  of  the  compacats  increase  with  pressing  pressure  :  ro... 
about  6.4  gm  cm-3  at  500  MPa  to  6.99  gm  cm-3  at  900  MPa  (i.e.  Letter  trim 
98*  of  the  density  of  single  crystal  material)  as  shown  in  Figure  4. 


Figure  ■*. 

Dependence  of  density 
ci  PbSr.fe  compacts  wit:: 
pressing  pressure 


The  behaviour  of  the  material  density  vs.  compaction  pressure  cur.e 
does  not  appear  to  vary  with  change  in  the  mean  grain  size  of  the  charge. 

However,  difficulties  were  encountered  in  pressing  'good  compacts'  o: 
less  than  10  jx®  grain  size;  lamina  cracks  frequently  occurred  in  the 
compacts  in  planes  parallel  to  the  punch  faces.  This  problem,  which 
been  observed  during  the  compaction  of  lead  telluride  was  largely  overcome 
by  employing  a  two  stage  pressing  process.  The  very  small  grain  size 
compacts  which  are  often  very  fragile,  were  recrushed  to  a  slightly 
coarser  grain  size  powder  and  then  repressed.  This  procedure  resulted  in 
small  grain  size  material  which  possessed  mechanical  properties 

approaching  those  of  coarse  grained  compacts  prepared  by  single  stage 
pressing. 

-  1 


PRESSURE  (  kg/a ! 

•WuJ  6C3Q  80C0 


4 .  Physical  Propert ies  of  Compacts 

tiign  density  compacts  prepared  from  coarse  grain  site  mater iai  e/.j. ir.it 
good  mechanical  properties,  are  robust  and  can  be  readily  machined  into 
complicated  shapes  using  ultrasonic  cutting  methods.  A  redaction  in  grain 
size  is  accompanied  by  a  decrease  in  mechanical  strength.  Cold  pressed 
compacts  with  a  grain  size  <  5  hi  are  usually  too  fragile  to  machine. 
However,  as  indicated  in  Section  V.3,  the  physical  properties  can  be 
substantially  improved  by  a  second  pressing  stage. 

The  surface  of  high  density  discs,  after  polishing  down  to  1/12  ^ra  size 
is  smooth  and  almost  void  free  when  examined  by  optical  microscopy,  li.e 
grain  structure  of  the  compact  is  revealed  by  heating  in  an  iodine  etch  at 
368  K  for  5  minutes  (10  H2O,  5  gm  NaOH  and  0.2  gm  I2).  A  photomicrograph 


of  10  >  L  >  5  4m  compacted  material  is  shown  in  Figure  5. 
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VI.  ANNEALING  PROCEDURES 


As  indicated  in  a  previous  report,  the  electrical  transport  properties, 
of  lead  telluride  type  materials  can  be  drastically  changed  by  high 
temperature  annealing  under  different  atmospheres.  The  behaviour  these 
properties  is  evidently  very  relevant  to  any  programme  of  rehears:, 
directed  at  improving  the  material's  thermoelect>-ic  figure  of  merit. 


It  was  reasonable  to  assume  that  as  high  an  overpressure  or  gas  as 
possible  should  be  used  during  the  annealing  in  order  to  suppress  less  c: 
constituent  elements.  The  safe  limit  at  which  car  silicon  anneal  ir..; 


furnace  operated  was  45  p.s.i.  In  Figure  6  is  displayed  the  percentage 
loss  in  weight  of  a  typical  pressed  disc  as  a  function  of  overpressure  or 
Argon  gas.  At  45  p.s.i.  the  percentage  loss  in  weight,  was  ~  0.04. 


K  i  -jure  b. 
Ix-rc.-r.tu-y.-  I..-0  i 


material 
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An  infinite  number  of  cost i nations  of  annealing  parameters  vuich  alter 
the  electrical  transport  properties  are  possible,  (vis .  tump  e-r.it  ..re  : 
anneal,  rate  of  change  of  temperature,  tine  at  a  particular  tc.yr.it...''.,. 
gas  atmosphere,  pressure  cf  gas,  flow  cr  gas,  and  so  on).  A  „y  _te..  it.  .- 
st„uy  cf  this  aspect  of  the  programme  would  in  its«lr  constitute  ; 
research  project.  In  Table  I  are  presented  the  results  cr  measure::, e.nt  c: 
the  electrical  conductivity  and  Seebeck  coefficient  a: ter  subjecting  tr.e 
pressed  compacts  to  a  variety  of  annealing  conditions.  Ar.r.eulir.j  at 
for  more  than  2  hours  in  a  pure  Argon  atmosphere  resulted  in  the  presceu 
compacts  attaining  electrical  properties  approaching  those  or  single- 
crystal  material.  The  powders  used  in  preparing  compacts  have  a  high 
oxygen  content  following  their  long  grinding  times  in  air.  In  an  attempt 
to  decrease  the  oxygen  content  portions  of  the  powders  were  reduced  ir. 
hydrogen  prior  to  pressing  the  compacts. 


TABLE  I 


THERMOELECTRIC  PROPERTIES  OF  PbSnTe  COMPACTS 


Sample 

GS(ptm) 

Reduced 

Annealing 

Seebeck  coefficient 

Electrical  A*.- a 

(hr) 

(at) 

BA(^V/K) 

AA 

BA  (. 'rilcr. 

) 

A 

<  10 

n 

2 

690 

Ar 

66 . 49 

25.99 

13.24 

G  .  5  >  2 

2 

650 

H2 

22.40 

0  .  5 j 

B 

10-25 

n 

2 

625 

Ar 

67.40 

30.07 

13  .  5u 

O  .  1/  L  v 

2 

650 

H2 

41 . 06 

j.L:J  J 

C 

10-25 

n 

2 

400 

Ar 

26.55 

v  1  J  J!? 

5 

400 

28. C5 

0  . 

h 

400 

26  .  6ri 

O  »  5  0  G 

D 

10-25 

n 

1.75 

400 

Ar 

65.00 

2a.27 

O  ,  L  8 

0,530 

2 

650 

H2 

57,03 

0*723 

E 

10.25 

n 

1 

400 

Ar 

75.40 

30.26 

7.72 

C  *  5  0  6 

F 

10.25 

n 

0.5 

400 

Ar 

30 . 91 

G 

25-60 

y 

2 

700 

Ar 

42. 27 

0  .  b bO 

« 

25-60 

y 

3 

650 

Ar 

56.31 

4  6.61 

1.227 

0.5Gb 

I 

25-60 

y 

2 

700 

Ar 

4  3.50 

0.557 

y 

25-60 

y 

2 

700 

Ar 

<  «  'i  "1 

■t  *t  .  ' 

J  .  /  C  4 

4 

400 

Ar 

4  3.62 

0  710 

K 

10-25 

y 

2 

700 

Ar 

42.31 

36.39 

1.241 

0  .  G  3  J 

1 

700 

Ar 

36.60 

r\  c  r\ 

■j  ,  j  \j  J 

2 

650 

H2 

36.77 

0.7  51 

4 

300 

31.05 

w  ,  i  < 

T 

25-60 

n 

2 

650 

Ar 

71.88 

30 . 53 

6.510 

M 

25-60 

y 

650 

H2 

44  .  96 

C  .  3 

N 

25-60 

y 

2 

700 

Ar 

40.67 

28 .03 

1  .  ~  4  ” 

0.550 

1  h 


VII.  MEASUREMENT  CF  TRANSPORT  PROPERTIES 

1 .  Introduction 

As-compacted  material  often  possesses  electrical  resistivity  values  at 
least  an  order  of  magnitude  greater  than  single  crystal  material.  A 
limited  number  of  Hall  coefficient  measurements  indicated  that  active 
carrier  concentrations  remained  essentially  the  same  with  the  increase  ir. 
electrical  resistivity  -  a  consequence  of  greatly  reduced  carrier 
mobility.  The  reduction  in  mobility  results  from  the  presence  or  high 
dislocation  densities.  Any  working  or  machining  of  3P  material 
significantly  alters  the  electrical  properties,  consequently  all  transport 
measurements  were  made  on  the  disc-shaped  samples  produced  by  _.,id 
pressing. 

2.  Seebeck  coefficient  and  electrical  resistivity  measurements 

Seebeck  coefficient  measurements  were  made  using  a  hot  probe;  accuracy 

of  measurements  is  t  3  percent.  Electrical  resistivity  measurements  wore 
made  using  the  four  probe  method,  accuracy  t  2  percent. 

3.  Thermal  Diffusivity  Measurements 

Room  temperature  thermal  diffusivity  measurements  were  made  using  1  a 
flash  techniques.  The  rise  in  temperature  on  the  rear  face  of  the  u av.pl.. 
was  monitored  with  a  chromel-alumal  thermocouple.  In  order  to  facilitate 
comparison  between  thermal  diffusivity  curves  the  measuring  system  i.m 
been  computerised.  Hardware  (interface  electronics)  and  software  w..-r- 
developed  for  use  with  a  BBC  microcomputer.  A  typical  diffusivity  tr.i> 
is  shown  in  Figure  7  together  with  specimen  calculations.  I  nor:  al 
conductivity  values  were  obtained  from  the  thermal  diffusivity  using 
»  -  Cpa ,  where  C  is  the  specific  heat,  p  the  density  and  a  the  measure.: 
thermal  diffusivity  values.  Room  temperature  specific  heat  value  is 
2.18-1  W  gm~1K~* . 

VIII.  RESULTS  AND  DISCUSSION 

1.  Annealing 

As  indicated  in  Section  VI,  the  electrical  transport  properties  are- 
sensitive  to  annealing  conditions.  The  effect  ,.n  the  electric. <i 
resistivity  and  Seebeck  coefficient  of  annealing  at  different  temperatures 
as  a  function  of  time  are  displayed  in  Figures  8  and  9  respectively.  It  is 
apparent  that  the  reduction  in  resistivity  is  maximised  at  an  annealing 
temperature  between  650°C  and  760°C.  In  Figures  10  and  11  are  prese.nti.-a 
the  results  of  measurements  of  electrical  resistivity  ar.d  Feet-.  :k 
coefficient  on  different  samples  before  and  after  annealing  at  dirtere.nt 
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TABLE  2.  MEASURED  ROOM  TEMPERATURE  PROPERTIES  OF  COMPACTED  IP  KA'it.i,  LAI. 
PREPARED  FROM  DIFFERENT  RANGES  OF  GRAIN  SIZE. 


Specimen  D 

(g  cm-2) 

P 

( mOcm ) 

a 

(pVK-1) 

a2/p 

(<iWK~2cm_1 ) 

xt 

(Wm_1K' 

C(  IU  ‘k-1 

s. crystal 

"  .  C61 

0.83 

50.3 

3.05 

1.99 

1  .53 

J  .  i  -i  i  .  i 

2 8  •-  o  >. 

6.856 

0.67 

43.2 

2.73 

1.63 

1 . 12 

12  .  T'  o  1  ,  L  1> 

13<L<25 

6.472 

0.64 

42.9 

2.87 

1 . 57 

0.97 

0  ,  u  w  1  ,  j 

5'-L<10 

6.388 

0.74 

45.4 

2.78 

1  .  4  7 

vj  ,  y 

0  .  *J  j  1  .  C 

L<5 

6.543 

0.77 

46.3 

2.78 

1  .  18 

U  .  J  J 

^  ^  '  j 

IX.  CONCLUSIONS 

All  objectives  of  the  programme  cf  research  have  beer,  acmiev..  :. 
semiquantitative  theoretical  model  for  lead-tir.-tel  luride 
developed  and  extended  to  obtain  an  estimate  of  the  improvement  : 

thermoelectric  figure  of  merit  cf  3P  material  as  a  function  of  reu„  ;t:.. 
in  material  grain  size. 

A  number  cf  'good'  high  density  compacts  of  3P  material  nave  re 

prepared  using  a  double  compaction  procedure.  An  annealing  pr>c-.-u..r..-  :. 
also  been  successfully  employed  in  re-establishing  electrical  power  : j;.t 
values  in  the  compacted  material  which  are  close  to  'single  crystal'  dat 
The  measured  reduction  in  lattice  thermal  conductivity  was  much  greater 
than  predicted  by  theory  and  if  substantiated  by  further  measurements ,  : 
would  constitute  a  very  significant  improvement  in  the  tuerncele ctr 

properties  of  disordered  materials  rased  upon  lead  tellurice.  I nueterue 
measurements  cf  the  thermoelectric  properties  cf  large  grain  si 

compacted  material  are  in  good  agreement  with  UWTST  data  and  there  is 
evidence  at  present  to  suggest  that  the  results  of  measurements  or.  s.v.al 
grain  size  material  is  unreliable.  Consequently  it  must  be  concluded  ti. 
the  thermoelectric  figure  of  merit  cf  3P  material  oar.  be  suhstar.ti ai 
improved  by  employing  small  grain  size  compacts. 
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